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Piled raft foundation has been widely recognized as a rational and economical foundation system with the combined effects of raft and piles.
However, the behavior of laterally loaded piled raft foundation has not been well understood due to the complicated interaction of raft–ground–
piles. A series of static horizontal loading tests were carried out on three types of foundation models, i.e., piled raft, pile group and raft alone
models, on sand using a geotechnical centrifuge. In this paper, the inﬂuences of relatively large moment load and rotation on the overall
performance of laterally loaded piled raft foundation were examined. From the centrifuge model tests, it is found that the vertical displacement
due to horizontal loads is different between piled raft and pile group foundation, and this vertical displacement has signiﬁcant inﬂuences on the
performance of laterally loaded piled raft foundation. The horizontal resistance of the pile part in the piled raft foundation is higher than those
observed in the pile group foundation due to raft base contact pressure. The vertical displacement of the foundation due to the horizontal loads
affects the vertical resistances of piles, which results in the different mobilization of moment resistances between the piled raft and pile group
foundations.
& 2014 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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The piled raft foundation has been recognized as an economical
and rational foundation system since Burland et al. (1977)
presented the concept of settlement reducers. Some design concepts
have been reported (Kakurai et al., 1987; Randolph, 1994;
Horikoshi and Randolph, 1998). Furthermore, a design code of0.1016/j.sandf.2014.02.005
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der responsibility of The Japanese Geotechnical Society.the piled raft foundations has also been published in Japan
(Architectural Institute of Japan, 2001). The design concept of
piled raft foundation is to take the advantage of the bearing
capacity of the raft and to reduce the settlement of foundations to
an acceptable level by installing a few piles. Piles in the piled raft
foundation play the roles of reducing the settlement and transfer-
ring a part of the load to the deep ground. In Japan, piled raft
foundations have been applied to building designs, and several
observations have been reported on actual buildings (Yamashita
et al., 1993; Yamashita et al., 2011; Yamashita, 2012), while the
behavior of the piled raft foundation under seismic load has not
been well clariﬁed. This is partly due to the uncertainty in the
complicated behavior of the piled raft foundation when it is
subjected to seismic and horizontal loads. In order to clarify the
complicated behavior of the piled raft foundation, accumulation ofElsevier B.V. All rights reserved.
Table 1
Summary of previous researches on piled raft foundation subjected to static horizontal load and this study.
Test condition (g) Pile length (mm) h/Sa RVLPb(%) Observed load–disp. curvec Foundation type testedd
Hamada et al. (2012) 1 700 0 58–82 PL–δ PG, PR, SP, R
Matsumoto et al. (2004a) 1 170 1.23–4.69 9.6–42.8 PL–δ PR
Pastsakorn et al. (2002) 1 200 0.07–0.13 8.7–42.4 PL–δ PR, PG
Horikoshi et al. (2003a) 50 180 0.63 60 PL–δ PR, SP, R
Mano et al. (2002a) 30 180 0.24 75 PL–δ PR, R
This study 50 160 1, 1.8 27 PL–δ, ML–θ PR, PG, R
ah is loading height from raft base; and S is pile spacing.
bProportion of vertical load carried by raft.
cPL is the horizontal load; ML is the moment load; δ is the horizontal displacement; and θ is the rotation of foundation.
dPR is the piled raft; PG is the pile group; SP is the single pile; and R is the raft.
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However, comparing the researches of vertically loaded piled raft
foundations (e.g., Thaher, 1991; Horikoshi and Randolph, 1994,
1996; Poulos, 2001), research on the behavior of horizontally
loaded piled raft foundations is relatively limited. In particular, the
observed data on piled raft foundations subjected to seismic
loading is very limited. To the best of the authors' knowledge,
the behavior of piled raft foundations recorded during the
Hyogoken-Nambu Earthquake (Yamada et al., 2001) and the
2011 off the Paciﬁc coast of Tohoku Earthquake (Yamashita et al.,
2012) are very rare case records.
Since it is difﬁcult to record the actual ﬁeld data of the
foundation during an earthquake, physical models can play an
important role in the study of piled raft foundations under
seismic loading. Table 1 summarizes the research on the piled
raft foundations subjected to a static horizontal load. A series
of horizontal loading tests on pile group models and piled raft
models in the 1 g condition was conducted by Pastsakorn et al.
(2002), in which a horizontal load was applied at a low height
to restrain the rotation of foundation. Hamada et al. (2012)
carried out a relatively large scale horizontal loading tests on a
piled raft foundation in a ﬁeld. In their study, the rotation of
the foundation was prevented by means of outer and inner
frames. In the above research, the inﬂuences of moment load
and the rotation of the foundation were not taken into account.
Matsumoto et al. (2004a, 2004b) carried out static and
dynamic horizontal loading tests on a piled raft in 1 g to study
the inﬂuences of loading height and the condition of the pile
head ﬁxity on the behavior of the piled raft. However, the
detailed behavior of piled raft foundations subjected to
horizontal and moment loads has yet to be well clariﬁed. This
could be because of the difﬁculty of using 1 g small scale
models in modeling the complicated raft–soil–piles interac-
tions, including the raft base contact pressure which varies
during the loading.
Centrifuge model can satisfy crucial similitude in a small
scale model and therefore has advantages in modeling the
complicated raft–soil–piles interaction. Horikoshi et al. (2003a,
2003b) investigated the behavior of horizontally loaded piled
raft foundations in loose sand by static and dynamic centrifuge
model tests done at 50g centrifugal acceleration. In the tests,
piled raft foundations with different pile head ﬁxities, i.e., rigidand hinged connections, a raft foundation model and a single
pile were modeled and the horizontal stiffness of the founda-
tion system and the proportion of the load carried by raft and
piles were carefully studied. Mano et al. (2002a, 2002b) also
carried out static and dynamic loading tests on piled raft
models and raft models in dense dry sand at 30g centrifugal
acceleration. In the static loading of the above mentioned
centrifuge tests, horizontal displacement was applied at rela-
tively low heights, as shown in Table 1. From the above
literature review, it can be said that the research on the laterally
loaded piled raft foundations were mostly carried out under
conditions in which rotation and moment load might not be a
main concern. However, for the relatively small size raft
foundation supporting tall superstructures, such as viaducts,
the rotation of the foundation becomes large, and the distribu-
tion of contact pressure beneath the raft base varies during the
loading, resulting in more complicated interactions among the
raft base, ground and piles. The authors are aware that it is
essential to clarify the mechanical behavior of the piled raft
foundation subjected to relatively large rotation and the
moment load for its seismic design.
In this study, a series of static horizontal loading tests was
conducted for three types of model foundations, namely, raft,
pile group and piled raft foundations on sand. These founda-
tions have a relatively small raft with four displacement piles
in a square arrangement with pile spacing and a diameter ratio
(S/D) of 5. Before the horizontal loading tests, the model
foundations experienced a vertical loading process which
determined the initial condition of the foundation. In the
horizontal loading tests, a load was applied at two different
heights from the raft base (h) with h/S¼1 and 1.8 (S is the pile
spacing) to investigate the inﬂuence of the complicated
interaction of raft–ground–piles on the performance of hor-
izontally loaded piled raft foundations under a relatively large
moment load and rotation.
2. Model foundation and test procedures
2.1. Centrifuge package
The geotechnical centrifuge used in this study was Tokyo
Tech Mark III centrifuge which was described in detail by
Centrifuge acceleration 50g
Toyoura sand
Dr=50% 160
800
400
230
(units mm)
Raft
S=50mm70
260
Two-ways actuator Potentiometer 
Video camera 
Fig. 1. Schematic illustration of test set-up.
units:mm
Raft
(stainless steel)
Guide holeBolts
Pile1
80
Pile2
Pile3Pile4
Bolts
50 1515
20
80
32
Bolts
Fig. 2. Model raft and superstructure.
Shear strain gage
Axial + bending strain
Outer diameter: 10mm Thickness: 0.5mm
160
25 5
17
2525253510
Clutched by the raft
units: mm
Fig. 3. Model pile and location of strain gages.
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in the present study was 50g. Fig. 1 shows a schematic
illustration of the model setup for this study. A model
container used for the test is aluminum-made rigid box with
inner dimensions of 800 mm in length, 250 mm in width and
400 mm in depth. As the total height of the model setup was
1.3 m when the two-ways actuator was mounted on the
container and there is a height limitation of 1.0 m on the left
side of the swing platform, the foundation model was placed
slightly on the right side (140 mm) from the center of the
container and 260 mm from the right wall as shown in Fig. 1.
2.2. Model foundations and superstructure
Static vertical and horizontal loading tests were conducted
on the piled raft, the pile group and the raft model in the
present study. Figs. 2 and 3 show the raft and pile models used
in this study. Stainless steel raft with dimensions of
80 mm 80 mm 20 mm was prepared. This raft model can
be divided into three parts and four piles were rigidly clutched
between the parts as shown in Fig. 4. Sandpaper was pasted on
the raft base to make a rough surface condition.
The model pile was made from stainless steel with 10 mm
outer diameter and 0.5 mm thickness. A brass made cone and
cap were put at the pile tip and head respectively. Strain gages
were attached inside the pile to measure the axial load and
bending moment along the pile. A pair of shear strain gages
was attached at the opposite sides of the outer surface at the
pile head perpendicular to the direction of horizontal loading to
measure the shear force, namely, the horizontal load carried by
the pile.
Most of the strain gages were attached inside the pile to
create a relatively smooth and uniform pile surface condition
and to keep the pile diameter constant along the pile. Table 2
shows the speciﬁcations of the model pile both in model and
prototype scales. Four fully instrumented piles were rigidly
ﬁxed to the raft in the square arrangement of 50 mm spacing (S)
as shown in Figs. 1 and 2.A stainless steel rectangular block with 80 mm height,
80 mm width and 32 mm thickness was ﬁxed on top of the
raft as a superstructure. The total mass of the raft and
superstructure was 2.7 kg, which was equivalent to 3330 kN
in the prototype scale under 50g centrifugal acceleration. The
average base contact pressure of the raft alone model caused
by the dead weight was 207 kPa. The superstructure has two
vertical guide holes as shown in Fig. 2.
The model raft, piles and superstructure were used for both
tests of the piled raft and pile group foundations. In the pile
group, a 5 mm gap between the raft base and the ground
surface was provided before the horizontal loading test to
prevent them from coming into contact.
(unit mm)
Load cell
Guide rod
Pile1Pile2
Fixed to loading devise
Potentiometer 
35
50
K. Sawada, J. Takemura / Soils and Foundations 54 (2014) 126–140 1292.3. Loading devices and instrumentation
Fig. 5(a) and (b) shows the loading set-up and measurement
details for the vertical loading tests. The vertical loads were
applied to the top of superstructure by a loading devise, either
a two-ways actuator or an electric jack. Their vertical loading
capacities are 5 kN and 15 kN respectively. Guided rods which
were rigidly connected to the loading frame ﬁxed to the
loading device can secure the verticality of the foundation
during the vertical loading tests or pile penetrating process, as
shown in Fig. 5(b). Fig. 6 shows measurement details for the
horizontal loading tests. A loading plate with hemisphere
heads at both sides and the bottom was ﬁxed to a two-
directional load cell. For the horizontal loading tests, theRaft can be divided 
Superstructure 
Raft 
Pile
Fig. 4. Piled raft model.
Table 2
Speciﬁcations of model pile.
Properties Model Prototype
Material Stainless steel Stainless steel
Diameter 10 mm 500 mm
Thickness 0.5 mm 25 mm
Embedment depth 160 mm (piled raft) 8 m
155 mm (pile group) 7.75 m
Cross section area, AP 14.9 mm
4 3.73 102 m2
Moment of inertia, IP 169 mm
4 1.06 103 m4
Young's modulus, EP 205 GPa 205 GPa
Longitudinal rigidity, EPAP 3.06 103 GN 7.65 GN
Bending rigidity, EPIP 3.46 108 GNm2 0.216 GNm2
Pile3Pile4
Guide rod
Guide hole
Raft 
Vertical load
Load cell
Fixed to loading devise
Fig. 5. Schematic illustration of vertical loading tests: (a) measurement details;
and (b) details of guide rods and holes.
Two directional load cell
Laser displacement transducer
Pile1
Pile3Pile4
Pile2
Potentiometer 
50
90
Fixed to two-ways actuator
Horizontal load PL
hemisphere heads
(unit mm)
35
50
Fig. 6. Measurement details of horizontal loading tests.
LDT
PL
h
+
Direction 
PPV
PRV
PPH
PRH
Lower LDT
ML
Push-inPull-out
s
PV
θ
δ
δ
PV: vertical load 
PL: horizontal load
h: horizontal loading height
ML: moment load=PL h
δLDT: horizontal displacement measured by lower LDT
s: settlement at the center of raft base
δ: horizontal displacement at the center of raft base
θ: rotation of foundation
PRV: vertical load carried by raft
PPV: vertical load carried by piles
PRH: horizontal load carried by raft
PPH: horizontal load carried by piles
RVLP: PRV/PV
RHLP: PRH/PL
Fig. 7. Deﬁnitions of parameters used in the horizontal loading tests.
Table 3
Physical properties of Toyoura sand.
Properties
Speciﬁc gravity (Gs) 2.65
Mean particle diameter (D50) 0.162
Maximum void ratio (emax) 0.973
Minimum void ratio (emin) 0.609
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head from both sides by using the two-ways actuator.
Parameters used in the loading tests are summarized in
Fig. 7. Vertical and horizontal displacements of the foundation
were measured by potentiometers, PMs, and laser displace-
ment transducers, LDTs. Horizontal displacements of the raft
base, δ, and the rotation of the foundation, θ, were calculated
from these measured displacements. The applied vertical load,
ΔPV, and horizontal load, PL, were measured by the two-
directional load cell ﬁxed to the two-ways actuator. The
moment load, ML, applied to the foundation was estimated
by multiplying the horizontal load, PL, with the loading height
from the raft base, h. The shear forces at the pile head, the
bending moments and the axial forces acting on the modelpiles were measured by the strain gages. The vertical and
horizontal loads carried by the piles, PPV and PPH, were
estimated from the sum of the axial forces and shear forces of
all pile heads respectively. The vertical load carried by the raft,
PRV, was calculated by subtracting PPV from the total vertical
load (PV), i.e., the sum of the dead weight of the structures and
applied load, ΔPV, and the horizontal load carried by the raft
part, PRH, was estimated by subtracting PPH from the
horizontal load, PL.2.4. Model preparation
The soil used for this study is dry Toyoura sand. The
physical properties of the sand are summarized in Table 3. The
other properties of Toyoura sand, such as its stiffness and
strength were summarized by Tatsuoka et al. (1986). Model
ground with the target relative density of 50% was prepared by
air pluviation using a single hole hopper. After making the
model ground, four model piles attached to the raft were
penetrated into the ground by its deadweight using the guide
rod to secure the verticality of the piles. Centrifugal accelera-
tion was then increased up to 50g. During the centrifugation,
the piles further settled with their deadweight. In 50g, using the
two-ways actuator, the piles were penetrated by a rate of
0.26 mm/s until the raft base reached about 10 mm above the
ground surface for the piled raft and pile group models, which
means that there had yet to be any contact between the raft
base and ground. With this pile installation processes, the piles
in the pile group and the piled raft foundation can be regarded
as displacement piles. After the penetration process, the
centrifuge was once stopped to install the instrumentations.
The vertical and horizontal loading tests were conducted for
the three types of model foundations. The similar model
preparation procedures were employed both for the vertical
loading and the horizontal loading. For the raft alone model,
the same stress history as those for the pile group and piled raft
models was introduced by applying centrifugation before the
loading test.
In the vertical loading tests for the piled raft model (PR3),
the centrifugal acceleration was again increased up to 50g and
then the foundation was further penetrated with the guide rods
using the large capacity electrical jack with a rate of 0.16 mm/s
until the raft base reached 4 mm below the ground surface
from 5 mm above the ground surface. In this vertical loading,
after securing the contact of raft to the ground surface, several
loading and unloading cycles were imposed to investigate the
resultant load sharing between the pile and raft.
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in which the horizontal loadings were conducted, the vertical
load was applied by the two-ways actuator with the guide rod
under 50g in the second centrifugation. For PR4, a vertical
loading similar to that for PR3 was conducted until the raft
base made contact with the ground. For P2, the foundation was
penetrated by 2 mm, and still no contact with the ground
surface was made. After vertical loading, the centrifuge was
again stopped to remove the vertical rod and attach the
horizontal loading plate to the two-directional load cell. Then
the third centrifugation was applied to the model. Upon
reaching a centrifugal acceleration of 50g, the pre-vertical
load was again applied to the pile group foundation (P2)
without the guide until the raft base reached at 5 mm above the
ground to avoid the contact between raft base and ground. For
PR4 the vertical load was also applied to the foundation from
the top of the superstructure without the guide. The vertical
load in this pre-vertical loading process controls the raft
vertical load proportion (RVLP, deﬁned in Fig. 7) as discussed
in Section 3.1 and the larger the pre-load, the larger the RVLP.
However, the verticality of the foundation cannot be secured
when the large settlement was imposed to the foundation
without guide. Therefore, a relatively small load was applied to
the piled raft foundation, which resulted in a RVLP of 27%.
After the pre-vertical loading, alternate horizontal displace-
ments were imposed to the superstructure.-4
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Table 4
Test cases.
Case Foundation type Test typea Target horizontal displacement
at lower LDT, δLDT
Max.
horiz
R5 Raft H 750 mm (h/S¼1, 1.8), 6580
þ200 mm (h/S¼1)
R6 Raft H 750 mm (h/S¼1, 1.8), 6200
þ200 mm (h/S¼1.8)
P2 Pile group H 750 mm (h/S¼1, 1.8), 6100
7100 mm (h/S¼1, 1.8)
PR3 Piled raft V 24,49
PR4 Piled raft H 750 mm (h/S¼1, 1.8), 7950
7100 mm (h/S¼1, 1.8)
aH is the horizontal loading test; and V is the vertical loading test.
bInitial proportion of vertical load carried by raft part before horizontal loading.
cMaximum vertical load during vertical loading test.2.5. Loading test procedures
Vertical and horizontal loading tests were carried out by
displacement control, with constant loading rates of
0.0162 mm/s and 0.155 mm/s respectively. Horizontal loading
was controlled by the horizontal displacement measured by the
lower LDT, δLDT (Fig. 8). Horizontal displacements with an
amplitude of δLDT¼1 mm (50 mm in prototype scale) were
ﬁrst applied from the left side and then from the right side at a
loading height h¼50 mm (h/S¼1.0). The same amplitude of
δLDT was then applied at h¼90 mm (h/S¼1.8) as shown in
Fig. 8. After the ﬁrst loading series, the same loading sequence
as that in the ﬁrst but with δLDT¼72 mm (100 mm in
prototype scale) was conducted. For the raft alone models, as
δLDT¼2 mm caused signiﬁcant irrecoverable displacement and
inclination of the foundation, a large displacement of about
4 mm (200 mm in prototype scale) was applied monotonically
to the right at different loading heights of h¼50 mm and
90 mm for R5 and R6 respectively after the ﬁrst horizontal
loading sequence with δLDT¼71 mm (Fig. 8).
The values of the rightward horizontal load and displace-
ment, and the clockwise moment are considered positive in the
present study. Experimental cases and their conditions for the
corresponding prototype are summarized in Table 4. The
following test results are also presented in prototype scale.3. Results and discussions
3.1. Result from vertical loading process
The foundations experienced three vertical loading pro-
cesses prior to the horizontal loading tests as explained in
Section 2.4. Some results from the second and third vertical
loading processes are presented in this section to clarify the
initial condition of foundations before the horizontal loading
tests.pre-vertical load before
ontal loading (kN)
Vertical load from
raft and superstructure (kN)
Initial RVLPb (%)
3300 100
3300 100
3300 0
0c 3300
3300 27
 (m
m
)
-100
-50
0
PR3 
(with guide rods)
PR4 (with guide rods)
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the pre-vertical loading process just before the horizontal
loading tests for PR4, P2 and R6 are shown in Fig. 9 with
those of loads carried by the piles, PPV, and the raft, PRV for
PR4. Smaller vertical stiffness was observed for the raft part in
the piled raft foundation than the raft foundation because the
base contact to the ground surface for the piled raft foundation
was poor at small settlement. On the other hand, PPV of the
piled raft foundation was larger than the vertical resistance of
the pile group foundation. The variations of the end bearing
load and shaft friction load are compared for PR4 and P2 in
Fig. 10. The shaft friction load was larger for the piled raft than
the pile group, while the end bearing loads were similar for the
two foundations. The larger shaft friction for the piled raft
foundation was due to the additional conﬁning stress in the soil
caused by the raft base pressure. Poulos (2001) reported a
similar tendency; that is, a larger shaft friction for a piled raft
than a single pile. In addition to the increase of the shaft
friction load, the mobilized vertical resistance of the raft part
contributed to the larger vertical resistance of the piled raft
than the pile group, as shown in Fig. 9. From the variations of
the end bearing load, it can be said that the effect of pile
embedment depth difference between PR4 and P2, 5 mmVertical load PV, PPV and PRV (kN)
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Fig. 9. Variations of vertical load with settlement during the pre-vertical
loading just before the horizontal loading (PR4, P2 and R6).
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Fig. 10. Variations of end bearing load and shaft friction load during the pre-
vertical loading just before the horizontal loading (PR4 and P2).longer for PR4 than P2, was small, and even the end bearing
capacity of P2 could be larger than that of PR4 due to larger
imposed settlement in this pre-vertical loading stage.
Fig. 11 shows the relationship between the RVLP (raft
vertical load proportion, Fig. 7) and the settlement of the
foundation observed during the vertical loading processes in
PR3 and PR4. For PR3, the vertical loading was conducted
with the guide rods in the second centrifuge ﬂight, while for
PR4, the two pre-vertical loading processes were imposed,
namely the ﬁrst pre-vertical loading in the second centrifuge
ﬂight with the guide rods and the second pre-vertical loading
in the third ﬂight without the guide rods. From the ﬁgure, it
can be conﬁrmed that the RVLP increased with the settlement.
Therefore, the RVLP was able to be controlled by the pre-
vertical loading process before the horizontal loading tests, and
the resultant RVLP was 27% before the horizontal loading testRVLP (%)
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Fig. 11. Variations of RVLP with settlement in the vertical loading processes
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unloading periods and the increment became larger as the
preload or imposed settlement increased. The remained shaft
friction after unloading decreased with increase of the preload
cycle (Fig. 10). This implied that the piles prevented the free
heaving of the raft with the decrement of shaft friction or down
drag forces (Fig. 10) and made the reduction of the raft base
contact pressure in the unloading process relatively smaller
than that of the pile carrying load. This kind of anchoring
effect can be conﬁrmed from the fact that the slopes of the
unloading process of the PR4 were slightly smaller than that of
R6 (Fig. 9).
3.2. Horizontal loading tests
3.2.1. Applied horizontal loads and RVLP of each
loading cycle
The variations of δLDT, PL and PPV with time during four
alternate horizontal loadings for PR4 are shown in Fig. 12. The
horizontal displacements at the location of lower LDT with
two amplitudes, 50 mm and 100 mm, were imposed from the
left hand side (positive displacement), and then right hand side
(negative displacement). The maximum applied horizontal
loads were approximately 2150 kN, 1480 kN and 1280 kN
for the piled raft, the pile group and the raft foundation,
respectively, which were equivalent to seismic coefﬁcients
(PL divided by mass of superstructure) of 0.65, 0.44 and 0.38,
respectively. As the loading was conducted manually referring
the output of the LDT, there were some differences in the
actual displacement amplitude from the targeted one. In
particular, the amplitudes of the loading with δLDT¼7100
mm were smaller for the negative side than the positive one.
The loading was ﬁrst done at the normalized height h/S¼1.0
and then h/S¼1.8 as shown in Fig. 8.
With the alternate moment loads from the left to the right
and vice versa, the right and left piles were alternately pushed
in as compression piles and pulled out as tension piles. The
vertical load carried by the pile (PPV) varied during horizontal
loading and reached a different value at the beginning of the
next loading. As a result, the initial RVLP in each loading
cycle was different, as shown in Fig. 13. The large increase of
PPV and the reduction in the RVLP during the ﬁrst half cycle
(1a) could be attributed to the disappearing of the anchoring
effect, which is explained in Figs. 10 and 11, due to the
disturbance by the loading. However, after the ﬁrst half
cycle, the RVLPs before the loading were quite constant at
about 5%.
3.2.2. Displacements of the foundations
The performance of laterally loaded piled raft foundations is
inﬂuenced signiﬁcantly by the settlement caused by horizontal
loads because the raft base contact pressure, i.e., interaction of
raft–ground–piles, depends on the settlement of the founda-
tions. The rotation of the foundation is also directly related to
the vertical movement of push-in and pull-out piles. In this
section, the settlement of the foundation, and contact condition
of the raft and ground during horizontal loading are presented.Fig. 14 shows the relationships between the horizontal
displacement at the raft base, δ, and the settlement at the
center of the raft base, s, for the three types of foundation.
Open marks in the relationships indicate the end of each half
cycle of loading. For the pile group foundation, the settlement
increased linearly with δ between the positive and negative
peaks of δ, while for the piled raft foundation the settlement
showed a nonlinear behavior with δ. In the unloading process
and the beginning of loading process, the piled raft foundation
moved downward, but when the large horizontal displacement
was imposed to the foundation, it turned to move upward. The
settlement caused by the alternate horizontal loading was small
for the piled raft foundation compared to the pile group and
raft foundations.
Settlements to the right side of the foundation, where the
right piles were located, sRP, are plotted against the raft base
horizontal displacement, δ, for the loadings of δLDT¼750
mm of R6 in Fig. 15(a) and when δLDT¼7100 mm for PR4
and P2 in Fig. 15(b). The solid lines and broken lines in the
ﬁgures show the settlements when the right piles were loaded
from the left to the right behaved as push-in piles, and from the
K. Sawada, J. Takemura / Soils and Foundations 54 (2014) 126–140134right to the left as pull-out piles, respectively. Larger settle-
ment and uplift were observed for h/S¼1.8 than for h/S¼1.
This effect of loading height on the settlement behavior
between the push-in and pull-out side was much signiﬁcant
for the raft foundation. The sRP–δ relations of P2 show a linear
increase and decrease in the settlement between the peaks of
horizontal loadings, which corresponds the settlement beha-
vior, as is seen in Fig. 14. On the other hand, the sRP–δ
relations of PR4 show nonlinearity. For the push-in side, a
relatively large settlement occurred over δ in the beginning of
push-in process (δ¼2525 mm) and the settlements
became smaller for δ of more than about 25 mm, because
the raft base prevented the settlement at the push-in side. It is
also noted that the settlements taking place in the loading
process from a δ of about 25 mm to the peak of δ (about
50 mm) were recoverable, which shows the elastic behavior in
the unloading process until the end of the half cycle of loading
shown in open and solid circles. In the pull-out stage or the
loading process to the left, the slope of sRP–δ curve became
larger, showing relatively large upward movement, from a δ of
about 0 mm to the peak of δ (about 50 mm). This implied
that the raft base could be separated from the ground surface
and behaved like pile group foundation at the pull-out side.
Therefore, it can be conﬁrmed that in the piled raft foundation
under relatively large moment load and rotation, the contact
condition of raft base and ground are totally different between-20 0 20 40 60
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Fig. 15. Settlement at right side of foundation observed in the horizontal loadings:
(a) R6 for δLDT¼750 mm; and (b) PR4 and P2 for δLDT¼7100 mm.the push-in and pull-out sides. The contact condition of the raft
and ground is almost the same for the piled raft and pile group
at the pull-out side, and the base pressure and the conﬁned
stress around piles at the push-in side are higher for the piled
raft than the pile group.
In the push-in conditions, the raft part can sustain the rotational
moment preventing the settlement of the push-in side or rotation of
the foundation. However, this relatively strong support can act as a
kind of rotational center, resulting in the upward movement at
the pull-out side of the foundation. From the fact that the sum of
the settlement of the push-in piles and the upward movement of
the pull-out piles can be directly related to the rotation of the
foundations for relatively small scale foundations with rigid raft, it
can be said that the rotation of the foundation is mainly caused by
the vertical settlement of the push-in side for relatively small
horizontal loads, but the pull-out behavior may become a dominant
factor in the rotation of the piled raft foundation against the large
horizontal load.
Horizontal displacement of superstructure is determined by
the horizontal displacement and rotation of the raft (δ and θ
respectively). Fig. 16(a) and (b) shows the relationships
between the horizontal displacement at the raft base, δ, and
the raft rotation, θ, observed in the loadings of δLDT¼72 mm
for PR4 and P2, and δLDT¼71 mm for R6. A relatively large
rotation, θ, to the horizontal displacement, δ, was observed for
the loading with higher h/S (Fig. 16(b)) compared to smaller-80 -40 0 40 80
0
Horizontal displacement at raft  base δ (mm) 
R
ot
at
io
n 
of
 ra
ft 
θ 
(r
ad
) 
δLDT= 100mm (PR4, P2)
δLDT= 50mm (R6)
  PR4
  P2
  R6-0.02
-0.01
0.01
0.02
End of the first
half in each cycle 
-80 -40 0 40 80
0
Horizontal displacement at raft  base δ (mm) 
R
ot
at
io
n 
of
 ra
ft 
θ 
(r
ad
) 
δLDT= 100mm (PR4, P2)
δLDT= 50mm (R6)
   PR4
   P2
   R6-0.02
-0.01
0.01
0.02
End of the first
half in each cycle 
Fig. 16. Variations of raft rotation θ with horizontal displacement at raft base δ:
(a) h/S¼1; and (b) h/S¼1.8.
00
H
or
iz
on
ta
l l
oa
d 
P L
 (k
N
)
H
or
iz
on
ta
l l
oa
d 
P L
 (k
N
)
 PR4
 P2
 R5
-100 -50 50 100
-2000
-1000
1000
2000
0
0
Horizontal displacement at raft base δ (mm) 
Horizontal displacement at raft base δ (mm) 
 PR4
 P2
 R6
-100 -50 50 100
-2000
-1000
1000
2000
Fig. 17. Relationships between δ and PL: (a) h/S¼1; and (b) h/S¼1.8.
0
0
Horizontal displacement at raft base δ (mm) 
H
or
iz
on
ta
l l
oa
d 
(k
N
)   PL of PR4  PL of P2
  PL of R5
  PPH of PR4
  PRH of PR4
-100 -50 50 100
-2000
-1000
1000
2000
0
0
Horizontal displacement at raft base δ (mm)  
H
or
iz
on
ta
l l
oa
d 
(k
N
)   PL of PR4  PL of P2
  PL of R6
  PPH of PR4
  PRH of PR4
-100 -50 50 100
-2000
-1000
1000
2000
Fig. 18. Variations of PRH, PPH and PL with δ for δLDT¼7100 mm: (a) h/S¼1;
and (b) h/S¼1.8.
K. Sawada, J. Takemura / Soils and Foundations 54 (2014) 126–140 135h/S (Fig. 16(a)). The effect of loading height can be clearly
observed for the raft foundation. The rotation of raft was
proportional to the horizontal displacement for the piled raft
and pile group, but θ is relatively larger than δ for the piled raft
than the pile group foundation.
3.2.3. Horizontal resistance of the foundations
Fig. 17(a) and (b) shows δ–PL relationships of three
foundation models for h/S¼1.0 and 1.8 respectively. The
horizontal resistances of h/S¼1.8 were smaller than those of
h/S¼1.0 for all foundations, because the larger moment load
relative to the horizontal load was applied for h/S¼1.8 than
h/S¼1.0. Compared to the pile group foundation, the hor-
izontal displacement can be restrained in the raft foundation for
the small horizontal load range. However, it increased rapidly
with the increase of the horizontal load, implying a clear
sliding failure of the raft foundation. On the other hand, the
horizontal resistance of the pile group foundation was smaller
than that when the raft foundation was in the small δ range, but
it increased in the large displacement range, where it showed a
higher horizontal resistance compared to the raft foundation.
The horizontal resistances of the piled raft foundations were
the largest regardless of the loading height.
Fig. 18(a) and (b) show the variation of horizontal loads
carried by the raft, PRH, and the piles, PPH, of PR4 with δ in
the loading of δLDT¼7100 mm for h/S¼1.0 and 1.8 respec-
tively. δ–PL relationships of PR4, P2 and the raft foundations(R5 (h/S¼1.0) and R6 (h/S¼1.8)) are also shown in these
ﬁgures. The horizontal load carried by the raft part, PRH, was
much smaller (approximately 20–30%) than the horizontal
resistance of the raft foundations (R5 and R6). This smaller
resistance of the raft part of the piled raft foundation can be
explained by the small raft vertical load proportion, RVLP, as
shown in Fig. 13. It should be also noted that the horizontal
loads carried by the pile part, PPH, are larger than the
horizontal resistance of the pile group foundation (P2).
Fig. 19 shows the variations of the raft horizontal load
proportion, RHLP, observed in the loading ranges from the left
to the right with δLDT¼100 mm (see Fig. 12). The increment
of raft settlement, Δs, is also shown in the ﬁgure. The RHLP
increased when the piled raft settled down, while it remained
almost constant or slightly decreased when the piled raft
moved upward. This implies that the vertical movement of
foundation affected the horizontal load carried by the raft.
The variations of the horizontal load carried by the right
piles, PPHR, of PR4 are compared to those of P2 in Fig. 20 for
the loadings of δLDT¼7100 mm. When the foundation is
laterally loaded with a moment load, it tilts toward the loading
direction. The front piles and rear piles with respect to the
loading direction are pushed in and pulled out, respectively.
Therefore, the right piles behave as push-in and pull-out piles
as the load is applied to the positive and negative directions
respectively as shown in the ﬁgure. From the ﬁgure it can be
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the piled raft foundation (PR4) is much higher than that in the
pile group foundation (P2), but the resistance of the pull-out
piles of RP4 is smaller than that of P2. The conﬁned stress of
the sand beneath the piled raft foundation is higher than the
pile group foundation due to the contact pressure of the raft at
the push-in side (see Fig. 15(b)), which resulted in higher
horizontal resistance of pile part for the piled raft foundation.
However, the contact condition for the pull-out side was
similar between piled raft and pile group foundations, as
explained in Fig. 15(b). In addition, the relative horizontal
displacement of the pull-out piles to the ground was considered
smaller for the piled raft foundation than that of the pile group
foundation because the soil beneath the raft base moved with
the raft base, which led to a decrease in the horizontal
resistance of the pull-out piles of the piled raft foundation.
The horizontal resistance of the pile part was smaller for
h/S¼1.8 than h/S¼1.0 for both the piled raft foundation and
the pile group foundation: this trend can be clearly observed
for pull-out piles for the piled raft foundation. The rotation θ
was relatively larger to the horizontal displacement δ for
h/S¼1.8 than h/S¼1.0 (Fig. 16) and relatively large rotation
give smaller horizontal displacement of the pile in the ground
compared to the case with smaller rotation. Furthermore, as
seen in Fig. 15(b), the raft base rapidly moved upward in thepull-out side for h/S¼1.8 compared to h/S¼1.0, which
reduced the raft base contact pressure at the pull-out side
more for h/S¼1.8 than for h/S¼1.0.
The mobilized horizontal resistances of the foundations,
ΔPL, and the pile part of piled raft foundation, ΔPPH, to the
imposed horizontal displacement at the raft base are shown as
the ratios between those to that of the pile group foundation in
Fig. 21, where ΔPL and ΔPPH are deﬁned in Fig. 22. As shown
in Figs. 12 and 17, the δ–PL relations in the loading cycles are
not completely symmetrical to the origin. Therefore, the
horizontal resistance is evaluated using ΔPL, which is the
average horizontal resistance for the positive and negative
directions at the speciﬁc horizontal displacement of the raft
base, δ. The resistance of the raft foundation was higher
compared to the pile group foundation in the small δ range, but
the ratio decreased with increasing δ, and the pile group
foundation had higher horizontal resistance than the raft
foundation in the large δ range. This trend is more signiﬁcant
for the h/S=1.8 than for h/S=1.0. The resistance ratios of piled
raft foundation to that of pile group foundation were about
1.55–1.60 and 1.35–1.45 for h/S=1.0 than h/S=1.8 respec-
tively. Since the difference between the ratios between ΔPL
and ΔPPH, that is the contribution of raft part, were about
0.2–0.25 for both h/S=1.0 and 1.8, the differences of the ratio
between the two different loading heights mostly came from
the resistance of pile part, that is ΔPPH.
To discuss the mobilized horizontal resistance of piled raft
foundation further, the resistances of push-in and pull-out
piles are compared in Fig. 23. The resistances are divided by
those of pile group foundation in the ﬁgure as done in Fig. 21.
ΔPPH of push-in and pull-out piles are average horizontal
resistances of those for the positive and negative directions at
the speciﬁc horizontal displacement, δ, as deﬁned in Fig. 24.
The horizontal resistance of the push-in pile was higher for the
piled raft foundation than the pile group foundation. For the
loading of h/S¼1.0, the ratio was almost constant at about 1.7
for the range of imposed displacement, δ. While for h/S¼1.8,
although the average values of ratios are almost the same as
that of h/S¼1.0, the ratio gradually increased with δ from 1.55
to 1.8. This increase in the mobilized resistance of the push-in
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contact stress of the raft base at the push-in side due to the
relatively large settlement, as discussed in Fig. 15(b). Due to
the reasons explained in Figs. 15(b) and 20, the pull-out pile of
the piled raft foundation showed a smaller horizontal resistance
compared to the pile group foundation and the ratio decreased
with δ. The increase of the horizontal resistance of the push-in
piles was larger than the decrease in the horizontal resistance
of the pull-out piles. Therefore, the horizontal resistance of thepile part in the piled raft foundation was larger than that of the
pile group foundation shown in Fig. 21. From the fact that the
ratios of the pull-out piles are much smaller for the loading of
h/S¼1.8 than that of h/S¼1.0, it can be said that the difference
in the mobilized resistance of the pull-out piles caused the
difference of mobilized resistance of the pile part of the piled
raft foundation between the two loading heights (see Fig. 21).
In the horizontal loading tests on the piled raft foundation
and single pile done by Horikoshi et al. (2003a), the average
horizontal resistance of piles in the piled raft foundation was
also larger than that of a single pile. However, the mobilization
of pile horizontal resistance of the piled raft foundation in this
study was differed signiﬁcantly from that observed by
Horikoshi et al (2003a). Higher average horizontal resistances
were observed for both push-in and pull-out piles to the single
pile in the test by Horikoshi et al. (2003a), while the piled raft
foundation in this study showed larger and smaller horizontal
resistances than the pile group for push-in and pull-out piles
respectively. This is perhaps due to the difference in the base
contact pressure distribution between the two models. In this
study, a relatively large rotation and moment load were applied
to the foundation, which resulted in a complex contact
condition, i.e., the different contact condition between push-
in and pull-out sides.
3.2.4. Moment resistance of piled raft foundation
Fig. 25 shows the θ–ML relationships for the three founda-
tion types for the displacement amplitude δLDT¼7100 mm.
The raft foundation showed a higher moment resistance
compared to the pile group foundation in the small θ range.
However, there was a clear failure point in the raft foundation,
resulting in a larger moment resistance of the pile group
foundation compared to the raft foundation in the large θ
range. A similar trend was also observed in the horizontal
resistance, as shown in Fig. 17. The moment resistance of
h/S¼1.8 was higher than that of h/S¼1.0 for each foundation
because the horizontal load relative to the moment load was
larger for h/S¼1.0. Regardless of the loading height, the
moment resistance of the piled raft foundation was higher than
the pile group foundation and the raft foundation.
Fig. 26(a)–(c) shows the variation of the pile head axial
load, the end bearing load and the shaft friction load of the
right pile with the rotation of the raft, θ, for the displacement
amplitude δLDT¼7100 mm respectively. In Fig. 27 these
axial loads acting on the pile are plotted to the pile settlement.
These loads are the average of the measured values from the
two piles at the right hand side. The variation of the pile head
axial load can be considered one of the major parts of the
moment resistance of the foundation. For the pull-out pile, the
end bearing load and the shaft friction load for the piled raft
foundation and the pile group foundation showed a similar
trend and reached almost zero and had small negative values.
The raft base moved upward at the pull-out side, as shown in
Fig. 15 and the inﬂuence of the raft base decreased. Therefore,
the end bearing load and the shaft friction load of the piled raft
foundation showed a similar trend as the pile group founda-
tion. On the other hand, different tendencies between the piled
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end bearing load and the shaft friction load of the push-in pile.
The end bearing load of the piled raft foundation was smaller
than that of the pile group foundation. This smaller end bearing
load of push-in pile for the piled raft foundation can be
explained by Fig. 27(b), which shows the variations in the end
bearing load with the settlement of the right pile. Due to the
resistance of the raft part, the settlement of the piled raft
foundations due to the alternate horizontal loading were
reduced, as shown in Figs. 15(b) and 27(b), resulting in a
smaller mobilization of the end bearing load compared to that
of the pile group foundation. On the other hand, a larger shaft
friction load was mobilized in the push-in pile for the piled raft
foundation, although the settlement of the pile was much
smaller for the piled raft foundation than the pile group
foundation. This larger mobilization of the shaft friction was
attributed to the increase in the conﬁned stress around the piles
due to the increase of the raft base contact pressure. A similar
trend was observed in the vertical pile response (see Fig. 10)
and the horizontal resistance of push-in pile (see Fig. 20). The
increase of the shaft friction was almost the same as the
decrease of the end bearing load, resulting in similar trends in
the axial load at the pile head, as shown in Fig. 26(a).
Therefore, it can be said that the contribution of the pile head
axial load to the moment resistance was quite similar for all
cases regardless of the foundation types and types of pile(push-in and pull-out). However, as discussed above, while the
contribution of the components of the pile head axial load,
i.e., end bearing load and shaft friction load were quite
different, they can be controlled by the pile settlement and
conﬁned stress of the sand by the raft contact pressure.
Fig. 28 shows the relationships between the ratio of the
mobilized moment resistance ΔML of the piled raft and raft
foundations to that of the pile group foundation, ΔML/(ΔML of
pile group) with the raft rotation, θ. Similar to ΔP (Fig. 22),
ΔM is deﬁned in Fig. 29. The ratios of the raft foundation are
greater for the loading when h/S¼1.0 than when h/S¼1.8, and
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The ratios of the piled raft foundation increase with increasing θ,
from 1.1 to 1.3 times higher than that of the pile group
foundation. As mentioned in Fig. 27(a), there was a very small
difference in the pile head axial load between the piled raft
foundation and the pile group foundation. Therefore, the
difference of the moment resistance between the piled raft
foundation and the pile group foundation can be attributed to
the raft part.4. Conclusions
Vertical and horizontal loading tests were carried out on the
piled raft, the pile group and the raft foundation models under
relatively large moment loads and rotations using a geotechni-
cal centrifuge. From the present study, the following conclu-
sions were derived on the behavior of piled raft foundation
with relatively small raft size and short pile.(1) The vertical bearing load of the piled raft foundation is
larger than that of the pile group foundation due to the
contribution of the raft base resistance. The increase of the
shaft friction of the piles caused by the increase of the
ground stiffness due to the raft contact stress also enhances
the vertical resistance of the piled raft foundation.(2) Alternate horizontal and moment loads cause a large
amount of settlement for the pile group foundation. The
piled raft foundation can effectively reduce the settlement
caused by the alternate loads.(3) Under the condition of relatively large moment load and
rotation, the contact conditions at push-in and pull-out
sides are different for the piled raft foundation. The contact
condition of raft and ground surface was almost same
between the piled raft and pile group at the pull-out side,
whereas conﬁned stress around piles at the push-in side is
higher for the piled raft than the pile group.(4) Even when the raft vertical load proportion (RVLP) was
small (about 5–10%), the horizontal resistance of push-in
piles is larger for the piled raft foundation than the pile
group foundation, which is attributed to the increase of the
base contact stress at the push-in side. On the other hand,
the horizontal resistance of the pull-out piles is smaller for
the piled raft foundation than the pile group foundation.
The increase of the horizontal resistance of push-in piles is
larger than the decrease of that of the pull-out piles. The
larger horizontal resistance of pile part and the additional
horizontal resistance of the raft part contribute to the larger
horizontal resistance of the piled raft foundation compared
to the pile group foundation.
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K. Sawada, J. Takemura / Soils and Foundations 54 (2014) 126–140140(5) As the horizontal loading point is higher, i.e., the applied
moment load is considerably larger than the horizontal
load, the ratio of the horizontal resistance between the
piled raft foundation and the pile group foundation
becomes small, which is mainly attributed to the decrease
of horizontal resistance of pull-out pile of the piled raft
foundation.(6) For the conditions introduced in the models employed in this
study, the contribution of pile axial load to the moment
resistance is similar regardless of the foundation types (piled
raft and pile group) and types of pile (push-in and pull-out).
However, the contributions of the components of the pile
head axial load, i.e., the end bearing load and the shaft
friction load of the push-in pile are quite different, larger shaft
friction and smaller end bearing for the piled raft foundation
than the pile group foundation. This is due to the difference
of settlement and base contact pressure between the piled raft
foundation and pile group foundation.(7) Even for small RVLP, the raft part of piled raft foundation
enhances the moment resistance, contributing to a larger
moment resistance than that for the pile group foundation
and the effect of raft becomes more signiﬁcant as the
rotation of raft increases.Acknowledgment
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